ABSTRACT. Glycerin is a potential
sufficiently high electric field applied to the surface of a liquid causes the emission of fine charged droplets. This spraying process, which is known as electrospray, is a potential technique for producing monodisperse nanoparticles. In ambient air, a particle spray is generally observed by applying a potential difference of thousands of volts between a plate and the end of a capillary supplied with a liquid (Cloupeau and Prunet-Foch, 1990 ). This technique has been investigated by many researchers for various applications such as ceramics and metal powder synthesis, ceramic fabrication, coating and film deposition technology, and polymer deposition. In a vacuum, the electric field is not limited by the appearance of corona discharges, and the velocity of the particle is not limited by aerodynamic drag (Cloupeau and Prunet-Foch, 1990 ). Therefore, it is possible to produce extremely fine droplets or even atomic or polyatomic ions.
The motivation of this study is to find an application of this nanoscience to hydrogen production from renewable resources to maximize the overall efficiency of the system with less environmental impact. The production and use of biodiesel are expected to grow in the future. Different feedstocks such as soybean, corn, trap grease, and inedible tallow are available in the world market. In converting vegetable oils into biodiesel, approximately 10% (wt/wt) of glycerin is produced as a byproduct. When biodiesel is produced in large quantities, it is important to find useful applications for the resulting glut of glycerin in the world market.
Glycerin is a potential feedstock for hydrogen production because one mole of glycerin can produce up to four moles of hydrogen. However, less attention has been given to the production of hydrogen from glycerin. Steam reforming of oleochemicals and their derivatives is challenging due to their high viscosity. The major challenge in using such feedstocks in a hydrogen-producing reformer is atomizing these viscous feedstocks in order for the gas phase reaction to occur. Moreover, due to the difficulty of atomization, the reforming reaction becomes mass transfer limited. Deluga et al. (2004) , in their pioneering work on autothermal ethanol reforming, injected small droplets of an ethanol and water mixture into a reactor to facilitate rapid vaporization. The reactants went from liquid at room temperature to products exiting the catalyst in less than 50 ms. Therefore, studying the effect of nanodroplets of glycerin (in a water mixture) is important for reducing the residence time and increasing the throughput of the reactor.
Producing nanoparticles of glycerin in the reactor would help droplets to evaporate in even less time than was mentioned by Deluga et al. (2004) . Table 1 shows the droplet lifetimes (time required for a droplet to evaporate completely) of different liquids and the initial droplet diameters. As can be seen from table 1, reducing the size of the particles by a factor from 40 microns to 10 nm reduces the lifetime of a droplet of water by factor of 650,000 (the value for ethyl alcohol was 1 million) (Hinds, 1982) . These values are staggering when one considers the increase in throughput that would be theoretically obtainable when such small particles are introduced into a reformer. The droplet lifetime can be affected by a number of factors, such as partial pressure of vapor at the droplet surface, partial pressure of the vapor well away from the droplet, ambient temperature, droplet surface temperature, molecular weight of the liquid, diffusion coefficient of vapor, mean free path of the gas, and density of the particle (Hinds, 1982) .
This article presents a brief introduction to the electrospray technique, important parameters affecting the size of the particles, the size distribution of the glycerin nanoparticles, and particle measurement techniques. 
A

PARTICLE MEASUREMENT TECHNIQUES
Droplet sizes in the micron range have been measured mainly by laser spectrometry (Naqwi, 1994; Tang and Gomez, 1994 ) because of its ability for in situ measurement. However, as droplet sizes become smaller than 1 mm, the measurement accuracy of the laser decreases. Especially in the size range of 0.1 to 0.4 mm, which is comparable to the short wavelength of the laser, the size as measured by the laser may not be reliable (Ku et al., 2001 ). In addition, one of the most serious problems in measuring electrospray in the submicron range is evaporation of droplets, which prevents measurement of the original size (S. L. Kaufman, 2005, personal communication) . In order to overcome this problem, the sizes of the residue particles are measured after complete evaporation of the droplets, and the original droplet sizes are inferred from the residue sizes (Chen et al., 1995) . Because Coulomb explosions associated with evaporation distort the size distribution, Chen et al. (1995) used a neutralization technique to avoid explosions in the process of evaporation. However, this method should not be used with organic solvents with very low vapor pressure (e.g., triethylene glycol, glycerol, etc.) since possible incomplete evaporation of solvents would cause a mistaken extrapolation from the size of the remaining residue (Ku et al., 2001) . Furthermore, even if this method provides the inferred sizes of droplets somewhat accurately, these are only indirectly measured values.
Rosell-Llompart and Fernandez de la Mora (1994) reported the production of monodisperse droplets ranging from 0.3 to 4 mm, and an aerosizer (TSI, Inc., Shoreview, Minn.) was used to characterize the droplet size distributions. They also noted the potential problems associated with preferential losses of the largest droplets through the sampling process. Ku and Kim (2002) also measured droplet sizes of glycerin with an aerodynamic size spectrometer (TSI Aerosizer DSP) and reported that evaporation of droplets was negligible since glycerin is a low-volatility fluid. The high charge level of electrospray droplets is known not to have a measureable effect on the aerosizer's determination of droplet size (RosellLlompart and Fernandez de la Mora, 1994). To solve these problems, i.e., the limitation of measuring accuracy of the laser in the submicron range (0.1 to 0.4 mm), the evaporation problem, and the sampling loss, Ku et al. (2001) used a freezing method and a transmission electron microscope (TEM) image processing technique. Jayasinghe and Edirisinghe (2002) measured the size of the relics that were deposited on silicone release paper to determine the size of the particles produced by electrospray.
EXPERIMENTAL SETUP
The following measurement techniques were attempted to characterize the particle size distribution:
S Particle indentation with a transmission electron microscopy (TEM) specimen grid. S An aerodynamic particle analyzer (LASAIR II 310A, Particle Measuring Systems, Boulder, Colo.). S A scanning mobility particle sizer (SMPS) instrument. We were not able to characterize the size of the particles with the first two techniques. With the first technique, the glycerin particles did not stick to the TEM specimen grid and/or the particles did not leave any indentation. Therefore, it was impossible to measure the size of the particles with TEM. Results of the measurement with the LASAIR II instrument were not satisfactory in our setup, possibly because of the low concentration of the particles produced. Therefore, we used an SMPS instrument manufactured by TSI, Inc. (Shoreview, Minn.).
The experimental configuration is shown in figure 1 . It consisted of fused silica capillary (50 mm i.d., 360 mm o.d.) charged at a high electric potential (4.18 kV) and a ground electrode perpendicular to the capillary positioned approximately 10 mm away. The solution of glycerin and water (1:2) was supplied through the capillary at 2 mL/min using a syringe infusion pump (Harvard Apparatus, Holliston, Mass.), and the required voltage was applied by a high-voltage power supply (Glassman High Voltage, High Bridge, N.J.). Electrical conductivity was measured with a conductivity/TDS meter (Orion Research, Inc., Boston, Mass.), and viscosity was measured with a viscosity bath (TVB445, PAC, Houston, Texas). A digital microscope was connected to a computer to monitor the stability of the electrospray and ensure that it was operating in cone-jet mode. Compressed air was supplied to the chamber in order to transport the particles through the sampling tube. The compressed air was filtered using a HEPA filter and dried before entering the spraying system. Once the droplets were produced, they were quickly transported into the neutralization chamber. The radioactive source was chosen because it allowed us to produce well-defined bipolar ions to neutralize the electrosprayed particles under different conditions (Chen et al., 1995) . A negative high voltage was applied to the plate and the neutralization chamber. A scanning mobility particle sizer (SMPS) from TSI, Inc. (Shoreview, Minn.), consisting of a differential mobility analyzer (DMA) and an ultrafine condensation particle counter (UCPC), was used to determine the droplet size.
ANALYTICAL (MATHEMATICAL) MODEL
Minimum flow rates and scaling laws of droplet sizes for electrospraying in cone-jet mode have been presented by several authors and were reviewed by Ku and Kim (2002) . The reason for presenting an analytical model (presented elsewhere; Ku and Kim, 2002) in this article is to show the interaction between factors affecting the minimum flow rate and the droplet size in cone-jet mode. Equations 1 through 13 are presented to assist in understanding how the major parameters are interrelated. Different functioning modes of electrosprays have been discussed in several articles (Cloupeau and Prunet-Foch, 1994; Krupa, 1996, 1999) .
Rosell-Llompart and Fernandez de la Mora (1994) and Ganan-Calvo (1997) , respectively, suggested the minimum flow rate (Q min , m 3 /sec) as follows: (1) where g, ρ, e, and K are the surface tension (N/m), density (kg/m 3 ), dielectric constant, and electrical conductivity of liquid (S/m), respectively, and t is the electrical relaxation time (s), which is defined as:
where e 0 is the electrical permittivity of a vacuum. Chen et al. (1995) suggested the minimum flow rate as follows:
There is a discrepancy in the dependence of e between Rosell-Llompart and Fernandez de la Mora (1994) and Chen et al. (1995) . However, the reason for the discrepancy was not discussed.
The characteristic flow rate (Q 0 ) is defined as: Chen and Pui (1997) confirmed the scaling of RosellLlompart and Fernandez de la Mora (1994) but gave a different coefficient for acidified water and formamide. The minimum flow rate for high dielectric constant solvents (e > 38) is estimated as:
The minimum flow rate for glycerin corresponds to equation 1 (Ku and Kim, 2002) . A variety of experimental studies have shown that the mean droplet (or jet) diameter can be controlled mainly through the electrical conductivity (K)
of the liquid and the flow rate (Q) (Cloupeau and PrunetFoch, 1989; Fernandez de la Mora and Loscertales, 1994) . For highly conductive liquids (K > 1E-5 S/m), Fernandez de la Mora and Loscertales (1994) gave the scaling law of the mean droplet diameter (m) as follows:
This is identical to equation 11 (Ganan-Calvo, 1997). Ganan-Calvo (1999) also proposed a universal scaling of the droplet size from his experimental results and obtained:
where ( )
The sizes of the droplets electrosprayed from highly conducting liquids with high viscosity are relatively insensitive to the applied voltages (Cloupeau and Prunet-Foch, 1989; Rosell-Llompart and Fernandez de la Mora, 1994) . RESULTS AND DISCUSSION Figure 2 shows a typical droplet size distribution when the system is in cone-jet mode. Highly viscous liquids have a bimodal distribution for higher flow rates, which could be explained as follows. As the flow rate increases, the charge on the liquid jet increases, and the repulsion force due to the electric charge competes with the surface tension of the liquid. With a much higher surface charge, the repulsion force of the charge becomes stronger, and the jet could start to oscillate laterally (Ku and Kim, 2002) . A monodisperse aerosol with a mean particle size of 36.46 nm and a geometrical standard deviation of 1.70 was obtained. Similarly, median and geometric mean diameters of the particles were 25.77 nm and 29.20 nm, respectively. Particles smaller than 16.5 nm in diameter were not measured due to the limitations of the equipment.
The electrical conductivity and viscosity of the solution were 1.2 mS/cm and 2.15 mPa·s, respectively. The viscosity of the mixture was comparable to the value presented by Shutov (1991) . The electrical conductivity of the spraying liquid and the spraying current were not measured while conducting this experiment. The particle concentration could be increased with the use of electrical conductivity enhancers, such as salts or saccharides, to the glycerin mixture, and the experiments are ongoing.
CONCLUSIONS AND FINAL REMARKS
Nanoparticles of a 1:2 mixture of glycerin and water were produced in the laboratory at the Department of Agricultural and Biological Engineering, Mississippi State University. A monodisperse aerosol with an arithmetic mean particle size of 36.46 nm and a geometrical standard deviation of 1.70 were obtained. The geometric mean size of the particles was 29.20 nm. The size of the particles was measured with the use of an SMPS instrument. In the next phase of the experiment, nanoparticles will be sent into the reactor for the steam reforming process for hydrogen production.
